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The emergence of graphene 1 Trigonal tellurium (Te) is a narrow bandgap semiconductor with a unique one-dimensional helical atomic structure. The crystal consists of three-fold screw-symmetric atomic chains interconnected by van der Waals-like forces 4 , as shown in Fig. 1a . The screw symmetry distinguishes two irreducible enantiomers with opposite chirality in real space, which falls into either P3221 or P3121 space group, depending on the handedness. As a consequence of lacking inversion symmetry and heavy atoms, tellurium shows strong spin-orbit coupling (SOC) effect. One prominent feature of the band structure occurs at the bottom of the conduction band at H point ( Fig. 1b and 1c) , where the spin degeneracy is lifted to form band crossing due to strong SOC, which is often referred to as a "Rashba-like" band 9, 10 . This is because the band dispersion is similar to typical parabolic band with the 4 presence of Rashba SOC term, while the hedgehog-like radial spin texture is distinctive from Rashba bands 10 (as we shall further discuss later). This crossing point between two spin polarized bands at the conduction band edge (see Fig. 1c ) can be classified as a Weyl point [10] [11] [12] [13] , which gives rise to massive Weyl fermions with quantum topological properties similar to recently proposed Kramers-Weyl nodes in chiral crystals with strong SOC 14 .
Note that in Te since H point is not a time reversal invariant momenta (TRIM) point, the degeneracy is not protected by Kramers theorem (which is the prerequisite of KramersWeyl nodes), but instead guaranteed by its three-fold rotational symmetry. Nonetheless, despite the different mechanism leading to Weyl nodes, they both share similarity in band topology and spin textures.
To date, most of the magneto-transport measurements were performed on bulk Te samples [15] [16] [17] , where the resolution of Shubnikov-de Haas (SdH) oscillation features were limited by the sample quality as well as weak Landau quantization. Recently, a hydrothermal growth method is proposed, yielding atomically flat two-dimensional (2D)
Te films with dangling-bond-free surfaces 5, 6, 8 (Fig. 1e inset) , with thickness ranging from a couple of atomic layers to tens of nanometers. These 2D Te films are named tellurene solely for simplicity 5 29, 30 , which grants us the access to the conduction band and explore much more exotic physics of massive Weyl fermions. The schematic of n-typed doped device is demonstrated in Fig. 1d . The as-synthesized tellurene films were dispersed on to a degenerately doped silicon substrate with a 90 nm SiO2 insulating layer on top, followed by patterning and deposition of Ti/Au metal contacts. Here we chose low work function metal contacts Ti to reduce the electron Schottky barrier height and accommodate n-type transport. A layer of alumina was subsequently deposited onto tellurene film by ALD grown at 200 º C, converting the tellurene film underneath from p-type to n-type, as confirmed by Id-Vg transfer curves of a tellurene field-effect transistor (FET) at both room temperature and cryogenic temperature (see Fig. 1e ). Similar ALD doping method has also been reported on other material systems like black phosphorus 31-33 and silicon 34 . The doping mechanism is attributed to the threshold voltage shift caused by positive fix charges in low-temperature ALD-grown films 31 or the interface electric dipole field 34 .
For magneto-transport measurements, six-terminal Hall bar devices were fabricated as shown in Fig. 2a (see Methods for more fabrication and measurement details). We investigated over 20 devices with typical film thickness ranging from 10 to 20 nm, and all of them exhibit similar and reproducible behaviors in general. Here all the data presented is from one high-quality device, unless otherwise specified. 2b that the gap at = 12 is larger than that at = 8, suggesting the origin of these two gaps are different and the four-level single particle picture cannot explain these unconventional sequence, hence another degree of freedom needs to be taken into account. 7 To understand this anomaly, we first focus on SdH oscillation features at relatively low B field regime (see Fig. 3a We now focus on assigning the quantum Hall isospin ferromagnetic states to each filling factor by fixing the perpendicular magnetic field ⊥ and increasing the total magnetic field . Three competing mechanisms can break SU (8) 45 can also be ruled out by absence of coincident effect, see Supporting Information 2).
Therefore we can assign the odd filling factors to the symmetric-antisymmetric energy gap ∆ . On the contrary, the gaps in filling factor =6 and 8 are expanded, however this can be related to either the increasing of the Zeeman energy gap, or the collapsing of ∆ in neighboring odd filling factors. Hence, at this point we cannot explicitly determine the sequence of spin and valley splitting, and further investigation is needed to completely understand the mechanism that drives the system to fully polarized ferromagnetism regime.
Finally we present the evidence of massive Weyl fermions in conduction band edge of Te.
Weak anti-localization (WAL) effect is observed in near-zero magnetic field regime (see Supporting Information 3), manifesting strong SOC effect in Te system --a direct consequence of lacking inversion symmetry and heavy atoms of Te. The strong SOC gives rise to spin-polarized band crossing at H and H' point (as shown in Fig. 5a ), which is protected by three-fold rotational symmetry. This point at H (H') can be classified as a
Weyl node that can be viewed as a Berry curvature monopole in the momentum space. We shall address that unlike normal band-inversion-induced Weyl points which usually lead to 10 linear band dispersion of Weyl semimetals that can hardly be tuned by gate, the chirality- and the band mass carry over to a much broader energy window of at least 50 meV as the gate can access to. Therefore n-type tellurene film is an ideal playground to study the behavior of massive Weyl fermions with tunable chemical potentials.
In conclusion, using ALD dielectric doping on high-quality tellurene films, for the first time, we observed well-developed quantum Hall effect from 2D electrons in tellurene and accessed the electronic structure of its conduction band. A wide quantum well model with two correlated electron layers is proposed to explain the anomaly in SdH oscillations and is independent on gate biases and magnetic fields. Online Content Methods, along with any additional Extended Data display items are available in the online version of the paper; references unique to these sections appear only in the online paper.
Methods

Synthesis of 2D tellurium crystals
In a typical procedure 1 , analytical grade Na2TeO3 (0.00045 mol) and certain amount of poly(-vinyl pyrrolidone) was resolved into deionized water (33 ml) at room temperature under magnetic stirring to form a homogeneous solution. The resulting solution was transferred into a Teflon-lined stainless-steel autoclave, which was then filled with aqueous ammonia solution (25%, w/w%) and hydrazine hydrate (80 %, w/w%). The autoclave was sealed and maintained at the reaction temperature for a designed time. Then the autoclave was cooled to room temperature naturally. The silver-gray, solid products were precipitated by centrifuge at 5000 rpm for 5 minutes and rinsed 3 times with distilled water (to remove any ions remaining in the final product).
Langmuir-Blodgett (LB) transfer of 2D Te films
The hydrophilic 2D Te nanoflake monolayers can be transferred to silicon substrates by the Langmuir-Blodgett (LB) technique 2 . The washed nanoflakes were suspended in a mixing solvent of N, N-dimethylformamide (DMF) and CHCl3 (e.g., in the ratio of 1.3:1).
Then, the mixture was dropped into the deionized water. After the evaporation of the solvent, 2D Te flakes will be floating on the surface of water. Then we can scoop 2D Te films onto the substrates.
Device fabrication
The as-grown 2D Te films were dispersed onto heavily doped Si substrates with 90 nm SiO2 insulating layer, followed by DI water rinse and standard solvent cleaning process 29 (acetone, methanol and isopropanol). Hall-bar devices were patterned with electron beam lithography (EBL) and 30/90 nm Ti/Au metal contacts were deposited with electron beam evaporator under the pressure below 210 -6 Torr. To eliminate the geometry non-ideality, the device was then trimmed into standard Hall bar shape with better symmetry using BCl3/Ar dry etching. 20 nm of Al2O3 was deposited onto Te films at 200 ℃ with atomic layer deposition for n-type doping. For double-gated device, another Ni/Au top metal gate was patterned and deposited with EBL and electron beam evaporator subsequently to cover the entire channel region.
Magneto-transport measurements
Part of the low magnetic field transport measurements were performed a Triton 300 . By rotating the sample to certain angle, one should expect to see the coincidence effect --the SdH maxima and minima will exchange when the criteria = is met. Here we measured our sample in tilted magnetic field, however coincidence effect is not observed up to 78.2º (see Fig. S2 ), from which we can estimate the upper bound of effective g-factor to be 2.68. The real g* can be even much smaller given the fact that the no clear trace of developing coincidence effect is observed up till 78.2º . This suggests that the Zeeman energy in Te is much smaller compared to cyclotron energy and we can safely rule out the possibility that the gap closing in Fig. 4a is caused by the spinsplit level crossing as in the case of WSe2 3 .
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Figure S2| SdH oscillations in tilted magnetic field. No evidence of coincidence effect is observed, suggesting a small effective g-factor.
Supporting Information 3: Weak anti-localization in n-type Te films
Weak anti-localization (WAL) is the phenomena that at low B field regime, the resistance of the material shows a dip centered at zero. In normal material there should be a peak in resistance at zero field, since the magnetic field and destroy the localization effect and reduce the resistivity of the material, which is referred to as weak localization effect.
However in systems with strong spin-orbit coupling, the trajectory of the electrons travelling around the disorder clockwise and counterclockwise will contribute the opposite 
